In this article, it is shown that the efficiency of an electrochemical aptasensing device is influenced by the use of different nanoparticles (NPs) such as gold nanoparticles (Au), silver nanoparticles (Ag), hollow gold nanospheres (HGN), hollow silver nanospheres (HSN), silver-gold core shell (Ag@Au), gold-silver core shell (Au@Ag), and silver-gold alloy nanoparticles (Ag/Au). Among these nanomaterials, Ag@Au core shell NPs are advantageous for aptasensing applications because the core improves the physical properties and the shell provides chemical stability and biocompatibility for the immobilization of aptamers. Self-assembly of the NPs on a cysteamine film at the surface of a carbon paste electrode is followed by the immobilization of thiolated aptamers at these nanoframes. The nanostructured (Ag@Au) aptadevice for Escherichia coli as a target shows four times better performance in comparison to the response obtained at an aptamer modified planar gold electrode. A comparison with other (core shell) NPs is performed by cyclic voltammetry and differential pulse voltammetry. Also, the selectivity of the aptasensor is investigated using other kinds of bacteria. The synthesized NPs and the morphology of the modified electrode are characterized by UV-Vis absorption spectroscopy, scanning electron microscopy, energy dispersive X-ray analysis, and electrochemical impedance spectroscopy.
Introduction
It is well known that the properties of detection systems composed of nano-dimensional elements are different from those of common bulky ones [1] . Among the various nanoparticles (NPs), noble metal nanomaterials such as Ag, Au, Pt, and Pd have attracted a lot of attention for their unique physical and chemical properties like tunable surface plasmonics, high-efficiency electrochemical sensing, enhanced fluorescence, and quantum conductance [2] . Of particular interest are binary metallic nanostructures showing multiple characteristics [3] . In this case, core/shell nanoparticle architectures, in which a layer of metal surrounds another NP core, have shown specific properties different from those of their monometallic counterparts and even alloys [4] . In this structure, the stability and surface chemistry of the shell nanoparticles can be improved along with accessing the physicochemical nature of the core layer. This synergy between two metals can be coordinated by shape, size, and composition. The core/shell nanostructures might exhibit favorable electrocatalytic activity, taking place on the shell of the NPs while the core metal dramatically affects the performance of the whole NPs [5] . Due to their particular electronic and catalytic impacts as well as their good stability, convenience of electron transfer, and biocompatibility [6] , gold and silver are ideal choices for the construction of core/shell nanostructures in biosensors. Tang et al. reported a silver-gold core shell (Ag@Au) Figure 1A shows the cyclic voltammograms of a bare CPE in different concentrations of E. coli cells (CFU/mL). In microbiology, CFU (colony forming units) designates the number of viable bacteria in a sample. No oxidation process is observed for cell concentrations lower than 10 7 CFU/mL. A weak peak appears at ca +0.80 V (vs. Ag/AgCl) from a concentration of 5 × 10 7 CFU/mL (curve d), increasing with increasing concentrations of E. coli (curve e and f). This irreversible oxidation peak can possibly be attributed to the oxidation of guanine in the bacterial cell cytoplasm to 8-oxo-guanine [30, 31] . To obtain more sensitive signals, differential pulse voltammograms (DPV) were recorded (see inset of Figure 1A ). Figure 1B illustrates the cyclic voltammograms of bare CPE in 5 × 10 7 CFU/mL of different bacteria: (a) Pseudomonas aeruginosa; (b) Staphylococcus aureus; and (c) Escherichia coli. A similar process for both other types of bacteria is observed, approximately at the same potential [31, 32] . The inset of this figure shows the DPV of a bare CPE in different bacteria solution. Accordingly, the peak around +0.80 V in DPV was selected as a characteristic signal for monitoring of E. coli and other bacteria. 
Characterization of the Nanoparticles
Figure S1 provides the overview of the different synthesized nanoparticles. They are red, deep yellow, pale pink or yellowish red, dark reddish pink, pale yellow, blue, and dark orange for gold, silver, a silver/gold alloy, the silver-gold core shell, the gold-silver core shell, hollow gold nanospheres, and hollow silver nanospheres, respectively. The corresponding UV-Vis absorption spectroscopic data are shown in Figure S2 . Generally, the absorption peaks of the metallic nanoparticles are linked to the surface plasmon resonances (SPR) absorption. The SPR effect in metallic compounds is of interest for a variety of applications because of the large electromagnetic field enhancement that occurs in the vicinity of the metal surface and the resonance wavelength depends on the size, shape, and local dielectric environment of nanoparticles [33] . The absorbance wavelengths are as follows: λ max = 406, 420, 450, 525, 535, 565, and 640 nm for Ag, Au@Ag, HSN, Ag/Au, Ag@Au, Au, and HGN, respectively. This is in agreement with the reported colors and wavelengths [6] . Usually, checking the color and λ max is the most straightforward way to confirm the quality of the synthesized nanoparticles [34] . Figures S3 and S4 represent the SEM images and EDX analyses for all synthesized nanoparticles. As can be seen in Figure S3 , the size distribution of nanoparticles ranges from 30 to 100 nm. In the solutions containing silver NPs, there is a higher tendency for agglomeration compared to solutions containing gold NPs [35, 36] , clearly illustrated in Figure S3B , C, and E; hollow silver nanospheres, especially, form clusters ( Figure S3G ). The energy dispersive X-ray analysis is used to provide elemental identification ( Figure S4 ) [37] . The indicative peaks for both Au and Ag elements in Figures S4C-E prove the existence of binary nanostructures at the surface of the working electrode [8] .
Characterization of the Modified CPE
A cysteamine film is formed at the surface of CPE to capture the nanoparticles in a next step. During successive CV scanning, the cysteamine is chemically adsorbed at the CPE via amine oxidation, while the thiol end group is free to interact with neighboring molecules [38] . After immersing the cysteamine-modified CPE in the nanoparticles solution, a strong interaction between either Au or Ag nanoparticles and the thiol group present at the electrode will appear because of the inherent affinity between sulfur and some metals like gold, silver, palladium, and copper [39] .
Cyclic voltammetry was selected to determine the surface coverage of the working electrode. The cysteamine-modified CPE, after overnight immersing in a nanoparticle solution, was washed and CV was performed in a phosphate buffer solution (PBS) 0.1 M pH 7.0. Five successive cyclic voltammograms were recorded without a change in the current potential readout, confirming the stability of fixed nanoparticles at the cysteamine film during potential cycling. Hence, it acts as a strong template for the immobilization of aptamers. The amperometric responses of a bare CPE and a cysteamine modified CPE are shown in Figure S5 . Figure 2A illustrates the current potential behavior of a gold nanoparticles modified CPE in PBS solution. An oxidation and reduction peak for gold can be observed at 0.96 V and 0.53 V, respectively [40] . Also, both the CV of a bare CPE (red CV) and Cys-CPE (green CV) are shown in this figure, acting as background curves. Figure 2B represents the current potential behavior of a silver nanoparticles modified CPE, showing a characteristic peak for the oxidation and reduction of silver [41] . The cyclic voltammogram of an Ag/Au alloy nanoparticles modified CPE indicates, in Figure 2C , both the existence of Ag and Au at the surface. However, the oxidation of Ag in the alloy starts at a less positive potential in comparison with pure Ag. Indeed, silver alloys are more active than pure Ag and they act as an intermediate bridge to accelerate the electron transport [42] .
The current potential behavior of Ag@Au-coated CPE is shown in Figure 2D . In this cyclic voltammogram, a quasi-reversible peak (aa ) and irreversible peak (bb ) appear for silver and gold. The peaks a (E pa = 0.2 V) and a (E pc = 0.1V) belong to the oxidation and reduction of silver nanoparticles (∆E p = 90 mV), respectively [41, 43] . This sharp characteristic peak proves the existence of silver at the surface of the working electrode. The oxidation and reduction of Au (bb ) takes place at more positive potentials. A series of anodic peaks (b (I) , b (II) , and b (III) ) correspond to intermediate steps leading to the formation of an AuO/OH layer [44] . The cathodic peak at 0.45 V on the return scan (b) represents the reduction of the AuO/OH layer [45] . The comparison between Ag/Au and Ag@Au-modified CPE leads to two key observations: first, there is almost no difference in the peak potentials for the oxidation and the reduction of gold and silver; secondly, the peak currents of the alloy modified CPE are higher than the silver-gold core shell modified CPE. This can be explained by the position of Ag in these two binary nanostructures. In the core shell structure, Ag is surrounded by Au as a shell, while in the alloy structure the metal of Ag is as accessible as Au. Additionally, there is a higher tendency for aggregation of the nanoparticles whenever silver is accessible [36] . Therefore, the amount of stabilized particles would be increased due to silver agglomeration. The higher peak current somehow indicates the bigger portion of these metals at the surface of the working electrode. The SEM images are in good agreement with these observations. Figure 2E shows the cyclic voltammogram of an Au@Ag-modified CPE. In this structure, Au particles are covered by an Ag shell. Therefore, Ag is the outer element. As can be seen, there is no clear peak, except the huge charging current that belongs to poly(vinylpyrrolidinone) (PVP) [46] , which is necessary to synthesize this type of core shell. Therefore, this nanostructure is not useful for our purposes, i.e., the immobilization of aptamers. Figure 2F ,G depict the CV of HGN and HSN, respectively. The positions of the oxidation and reduction peaks are similar to Au and Ag in Figure 2A ,B. 
Electrochemical Detection of E. coli and the Role of Ag@Au Nanoparticles
The whole procedure to fabricate the aptasensor is presented in Figure 3 and explained in the experimental section of the supporting information. Briefly, after preparation of CPE, a film of cysteamine was formed at the surface of CPE by performing cyclic voltammetry [38] . Then, it was immersed in the nanoparticles solution overnight to form a nanotemplate at the surface of the 
The whole procedure to fabricate the aptasensor is presented in Figure 3 and explained in the experimental section of the supporting information. Briefly, after preparation of CPE, a film of cysteamine was formed at the surface of CPE by performing cyclic voltammetry [38] . Then, it was immersed in the nanoparticles solution overnight to form a nanotemplate at the surface of the working electrode. For the immobilization of the aptamer, a modified CPE was soaked in the aptamer solution (2.5 µM, overnight). Next, the aptasensor was transferred to suspensions with different concentrations of living bacteria (30 min) to allow binding to E. coli. Subsequently, it was gently washed and moved to 0.1 M PBS pH 7.0 for voltammetric measurements.
working electrode. For the immobilization of the aptamer, a modified CPE was soaked in the aptamer solution (2.5 μM, overnight). Next, the aptasensor was transferred to suspensions with different concentrations of living bacteria (30 min) to allow binding to E. coli. Subsequently, it was gently washed and moved to 0.1 M PBS pH 7.0 for voltammetric measurements. As observed in the inset of Figure 1B , the oxidation of the bacteria solution shows a representative signal around 0.80 V, using DPV at the surface of a bare CPE. Figure 4A shows the DPVs of the Ag@Au aptasensor in different concentrations of E. coli. There is an enhanced signal around 0.88 V when increasing the bacteria concentration from 0.0 to 10 5 CFU/mL. The oxidation signal of E. coli at the surface of a bare CPE could only be observed at concentrations higher than 5 × 10 5 CFU/mL (see Figure 1A) . However, the bacteria oxidation process at bare CPE occurs at less positive potential in comparison to the aptamer-modified CPE. This small shift in the position of the potential can be attributed to the coverage of CPE. On the other hand, the oxidation of gold happens approximately at this potential (see Figure 2A,C,D) . Therefore, we assume an overlap between these two oxidation signals, guanine oxidation in E. coli, and gold oxidation of the nanostructures, playing a synergetic effect in its detection. The stability of gold at the surface of the working electrode is confirmed by successive CV scanning, as shown in Figure 2 . Figure 4B illustrates the calibration curve expressing the variation of ΔI (I1-I0)/μA vs. the concentration of E. coli. I0 and I1 belong to the DPV current of the aptasensor in PBS and E. coli, respectively. The best performance is attributed to the Ag@Au-aptasensor and there is a linear relationship between peak current and the concentration of E. coli to 10 4 CFU/mL. For higher concentrations, the current no longer changes significantly because of the saturation of the surface [29] . The calculated LOD for this aptasensor is around 90 CFU/mL, while the reported LOD in the literature for this aptamer cocktail is 370 CFU/mL at the surface of a gold electrode [28] . Hence, the silver-gold core shell binary nanoparticles improve the efficiency of the aptasensor by four times.
The obtained LOD values for the alloy and the Au NPs modified aptasensor are 245 and 300 CFU/mL, respectively. So, the silver/gold alloy leads to a higher sensitivity than obtained at the Au NPs modified electrode. A better performance for Ag@Au in comparison with the Ag/Au alloy can be explained by the position of silver in these binary nanostructures. In the first one, silver is covered by the gold nanoparticles, so that agglomeration of the Ag NPs cannot be initiated. In contrast, in the alloy structure, the silver particles are easily accessible and tend to aggregate. This phenomenon, observed in the SEM images, limits the performance of the nanoframes. In comparison As observed in the inset of Figure 1B , the oxidation of the bacteria solution shows a representative signal around 0.80 V, using DPV at the surface of a bare CPE. Figure 4A shows the DPVs of the Ag@Au aptasensor in different concentrations of E. coli. There is an enhanced signal around 0.88 V when increasing the bacteria concentration from 0.0 to 10 5 CFU/mL. The oxidation signal of E. coli at the surface of a bare CPE could only be observed at concentrations higher than 5 × 10 5 CFU/mL (see Figure 1A) . However, the bacteria oxidation process at bare CPE occurs at less positive potential in comparison to the aptamer-modified CPE. This small shift in the position of the potential can be attributed to the coverage of CPE. On the other hand, the oxidation of gold happens approximately at this potential (see Figure 2A,C,D) . Therefore, we assume an overlap between these two oxidation signals, guanine oxidation in E. coli, and gold oxidation of the nanostructures, playing a synergetic effect in its detection. The stability of gold at the surface of the working electrode is confirmed by successive CV scanning, as shown in Figure 2 . Figure 4B illustrates the calibration curve expressing the variation of ∆I (I 1 -I 0 )/µA vs. the concentration of E. coli. I 0 and I 1 belong to the DPV current of the aptasensor in PBS and E. coli, respectively. The best performance is attributed to the Ag@Au-aptasensor and there is a linear relationship between peak current and the concentration of E. coli to 10 4 CFU/mL. For higher concentrations, the current no longer changes significantly because of the saturation of the surface [29] . The calculated LOD for this aptasensor is around 90 CFU/mL, while the reported LOD in the literature for this aptamer cocktail is 370 CFU/mL at the surface of a gold electrode [28] . Hence, the silver-gold core shell binary nanoparticles improve the efficiency of the aptasensor by four times.
The obtained LOD values for the alloy and the Au NPs modified aptasensor are 245 and 300 CFU/mL, respectively. So, the silver/gold alloy leads to a higher sensitivity than obtained at the Au NPs modified electrode. A better performance for Ag@Au in comparison with the Ag/Au alloy can be explained by the position of silver in these binary nanostructures. In the first one, silver is covered by the gold nanoparticles, so that agglomeration of the Ag NPs cannot be initiated. In contrast, in the alloy structure, the silver particles are easily accessible and tend to aggregate. This phenomenon, observed in the SEM images, limits the performance of the nanoframes. In comparison with other nanoparticles, hollow gold nanospheres showed less effect on the efficiency of this electrochemical aptasensor, probably due to their narrow wall [6] .
In general, a better diagnostic performance of the core shell nanoparticles modified sensor can be explained by the high surface-to-volume ratio of the assembled nanoparticles enhancing the density of the immobilized aptamers [24] . Also, the layer of nanoparticles may work as an intervening "spacer" matrix to keep the immobilized aptamers away from the substrate matrix in the mobile phase, resulting in more accessible binding sites for the target [47, 48] . Therefore, these nanomaterials can significantly affect the aptasensing of E. coli.
Silver nanoparticles did not show any promising response in the aptasensor. A lower tendency of Ag to interact with thiols, compared to Au-thiol, might cause this difference [49, 50] . For this reason, a lower amount of Ag NPs can self-assemble on the cysteamine-modified CPE and consequently fewer aptamers are immobilized at this nanoframe. Also, Ag NPs did not oxidize in the potential range of the bacteria. Therefore, these nanoparticles alone could not have any added value in the detection strategy. The experiments with HSN and Au@Ag, with the silver as a cover for gold NPs, were performed and similar results as with Ag NPs were observed. The difficulty with Au@Ag was the presence of the surfactant in the solution of these nanoparticles. The addition of PVP and CTAB was necessary for its synthesis, but problematic for electrochemical detection as a self-assembly monolayer is formed at the surface of the working electrode which disturbs the signals. As shown in Figure 2E , it was not possible to obtain a sharp signal similar to that observed for the other nanoparticles.
As a conclusion of Figure 4B , an increment in the efficiency of aptasensing is observed in the following order: Ag < HGN < Au < Ag/Au < Ag@Au. The excellent performance of the core shells in the series can be explained by the fact that Au NPs and Ag NPs have a different surface plasmon band [51] and the extinction coefficient of the surface plasmon band for the Ag NPs is nearly four times larger than for Au NPs of the same size [52] . Therefore, in the composition of Ag@Au core shells, the physical properties of Ag nanoparticles combined with the surface chemistry of Au allows for functionalization with an aptamer. Additionally, Ag NPs in the core decrease the resistance of electron transfer, enhancing the sensitivity [7] . with other nanoparticles, hollow gold nanospheres showed less effect on the efficiency of this electrochemical aptasensor, probably due to their narrow wall [6] . In general, a better diagnostic performance of the core shell nanoparticles modified sensor can be explained by the high surface-to-volume ratio of the assembled nanoparticles enhancing the density of the immobilized aptamers [24] . Also, the layer of nanoparticles may work as an intervening "spacer" matrix to keep the immobilized aptamers away from the substrate matrix in the mobile phase, resulting in more accessible binding sites for the target [47, 48] . Therefore, these nanomaterials can significantly affect the aptasensing of E. coli.
As a conclusion of Figure 4B , an increment in the efficiency of aptasensing is observed in the following order: Ag < HGN < Au < Ag/Au < Ag@Au. The excellent performance of the core shells in the series can be explained by the fact that Au NPs and Ag NPs have a different surface plasmon band [51] and the extinction coefficient of the surface plasmon band for the Ag NPs is nearly four times larger than for Au NPs of the same size [52] . Therefore, in the composition of Ag@Au core shells, the physical properties of Ag nanoparticles combined with the surface chemistry of Au allows for functionalization with an aptamer. Additionally, Ag NPs in the core decrease the resistance of electron transfer, enhancing the sensitivity [7] . The specificity of the aptasensor was examined for other bacterial species. Figure 4C sho histogram of a selectivity study for Escherichia coli, Pseudomonas aeruginosa, and Staphylococcus in three concentrations using the Ag@Au aptasensor. Also, in another set of experiments, a r primer (RP) was used instead of the specific aptamer cocktail for E. coli. As seen in concentration ranges (5 × 10 2 CFU/mL), there was no recognition between different species. Ho the detection ability improved when increasing the concentration of bacteria. The random could not detect any kind of targets, indicating the good performance of the aptamer cocktail Electrochemical impedance spectroscopy was selected to characterize the electrode sur each step of the preparation of the Ag@Au aptasensor and the detection of E. coli ( Figure 4D ). T measurements were performed in the presence of [Fe(CN)6] 3−/4− , as electroactive marker ions. is a method of measuring the impedance value of the electrode surface, it can recognize the happening at the surface of the working electrode. The diameter of the semicircle in EIS rep the electron transfer resistance, Ret; therefore, the further impeding in the electron transfer, the the Ret. The values of Ret for bare CPE and cysteamine-modified CPE are 7.07 kΩ (curve a) a kΩ (curve b), respectively. The decrease in Ret after modification of CPE by cysteamine is due oxidation of CPE surface during pre-treatment. Consequently, there are some positive sites that can accelerate the negative marker ions at the surface of working electrode. After immers modified CPE in the core shell solution, the Ret changes (curve c = 0.10 kΩ), indicating that A nanoparticles are chemically fixed to the cysteamine film at the surface of CPE. The Ret has dec due to the enhancement of the conductivity of the surface of the working electrode [38] immobilization of the aptamer at this nanostructure template, the Ret has increased (curve d kΩ) because of the electrostatic repulsion between negatively charged DNA in the aptamer st and the marker ions. When E. coli bacteria (10 3 CFU/mL) are captured by the aptamer, dramatically increased ( Figure 4E , curve b = 8.85 kΩ) because of the bulky size of the bac comparison to the aptamer, which prevents the marker ions from reaching the surface of the w electrode [53] . Curves c and d in Figure 4E show the EIS data for different concentrations of As can be seen, the diameter of the semicircles increases with higher concentrations of the tar The specificity of the aptasensor was examined for other bacterial species. Figure 4C shows the histogram of a selectivity study for Escherichia coli, Pseudomonas aeruginosa, and Staphylococcus aureus in three concentrations using the Ag@Au aptasensor. Also, in another set of experiments, a random primer (RP) was used instead of the specific aptamer cocktail for E. coli. As seen in lower concentration ranges (5 × 10 2 CFU/mL), there was no recognition between different species. However, the detection ability improved when increasing the concentration of bacteria. The random primer could not detect any kind of targets, indicating the good performance of the aptamer cocktail.
Electrochemical impedance spectroscopy was selected to characterize the electrode surface in each step of the preparation of the Ag@Au aptasensor and the detection of E. coli ( Figure 4D ). The EIS measurements were performed in the presence of [Fe(CN) 6 ] 3−/4− , as electroactive marker ions. As EIS is a method of measuring the impedance value of the electrode surface, it can recognize the events happening at the surface of the working electrode. The diameter of the semicircle in EIS represents the electron transfer resistance, R et ; therefore, the further impeding in the electron transfer, the higher the R et . The values of R et for bare CPE and cysteamine-modified CPE are 7.07 kΩ (curve a) and 3.54 kΩ (curve b), respectively. The decrease in R et after modification of CPE by cysteamine is due to the oxidation of CPE surface during pre-treatment. Consequently, there are some positive sites at CPE that can accelerate the negative marker ions at the surface of working electrode. After immersing the modified CPE in the core shell solution, the R et changes (curve c = 0.10 kΩ), indicating that Ag@Au nanoparticles are chemically fixed to the cysteamine film at the surface of CPE. The R et has decreased due to the enhancement of the conductivity of the surface of the working electrode [38] . After immobilization of the aptamer at this nanostructure template, the R et has increased (curve d = 0.75 kΩ) because of the electrostatic repulsion between negatively charged DNA in the aptamer structure and the marker ions. When E. coli bacteria (10 3 CFU/mL) are captured by the aptamer, the R et dramatically increased ( Figure 4E , curve b = 8.85 kΩ) because of the bulky size of the bacteria in comparison to the aptamer, which prevents the marker ions from reaching the surface of the working electrode [53] . Curves c and d in Figure 4E show the EIS data for different concentrations of E. coli. As can be seen, the diameter of the semicircles increases with higher concentrations of the target.
Conclusions
A qualitative investigation of NPs with different structures on the efficiency of an aptasensor for E. coli was performed. Various NPs were synthesized and their performances were compared. In this study, for the first time, NPs were used as a template for the immobilization of an aptamer cocktail at the surface of a carbon paste electrode to produce an electrochemical aptasensor for E. coli. The results showed that silver-gold core shell NPs improved the efficiency of the aptasensing of E. coli. In these binary NPs, the silver is positioned inside the nanostructure, and surrounded by gold particles as a shell. Therefore, the outside layer of the NPs provides a support for the covalent attachment of aptamers, functionalized with a thiol group. The conductive silver metal as a core increases the efficiency of the transduction of the signals. The label-free aptasensing strategy uses the intrinsic oxidation peak of bacterial cells with an increased sensitivity for the detection of E. coli compared to the sensitivity of the aptasensors constructed with other nanomaterials. 
